During spermatogenesis, leptotene spermatocytes residing in the basal compartment of the seminiferous epithelium must traverse the blood-testis barrier (BTB) to gain entry into the adluminal compartment for further development. At the same time, these as well as other germ cell types in the epithelium must retain their close association with Sertoli cells via specialized cell junctions. In this study, we demonstrate that RAB13-a guanosine triphosphatase (GTPase) known to participate in tight junction function in other epithelia-also participates in the dynamics of the ectoplasmic specialization, a testis-specific type of anchoring junction. By immunohistochemistry microscopy, RAB13 localized to the ectoplasmic specialization. Moreover, RAB13 was found to associate with vinculin (VCL) and espin (ESPN), two putative ectoplasmic specialization actin (ACT)-binding proteins, by coimmunoprecipitation and immunofluorescence microscopy experiments. To address the role of RAB13 in ectoplasmic specialization dynamics, an in vivo model was used in which administration of Adjudin induced the disassembly of Sertoli-germ cell anchoring junctions. Following administration of this drug, the RAB13 level decreased steadily when the loss in testicular weight was taken into account. Similarly, the association of RAB13 with VCL decreased but was not completely lost during Adjudin-mediated ectoplasmic specialization restructuring. Taken collectively, these results suggest that RAB13 functions in ectoplasmic specialization dynamics in the testis.
INTRODUCTION
One of the most ardently pursued areas of cell biology today attempts to understand the biochemical and molecular architecture underlying cells through the study of cell junctions. For the most part, the information acquired from the study of cell junctions, such as tight and adherens junctions, in polarized epithelial cells over the past several years has completely revolutionized the way these specialized structures were originally envisioned to function and be regulated. For instance, the molecular architecture of the tight junction has been largely elucidated, and more than 100 tight junction-associated proteins have been described to date. These include the multipass membrane proteins occludin (OCLN) and claudin (CLDN) that form tight junction fibrils [1] [2] [3] [4] [5] ; single-membrane-spanning proteins, such as JAM-A (F11R) and CAR (CXADR), involved in adhesive interactions [6] [7] [8] ; cytoplasmic scaffolding proteins, such as ZO-1 (TJP1) and MAGI-1 (MAGI1), that contain multiple protein interaction domains [5, 9] ; and an assortment of adaptor and signaling molecules, such as cingulin (CGN), PKCa (PRKCA), and c-yes (YES1) [10] [11] [12] .
Small guanosine triphosphatases (GTPases) of the RAB subfamily, such as RAB3B and RAB13, have also been shown to localize to the tight junction [13] [14] [15] [16] . RAB proteins are small GTP-binding proteins of approximately kDa that form the largest subfamily within the RAS GTPase superfamily, and more than 60 RAB members are known to exist. In cooperation with an array of accessory regulators, such as guanine-nucleotide exchange factors (GEFs), guanosine diphosphate (GDP) dissociation inhibitors (GDIs), and GTPaseactivating proteins (GAPs), they function as ''molecular switches'' by shuttling between GTP-bound active and GDPbound inactive forms [17] [18] [19] [20] [21] . In their active GTP-bound conformations, they are confined to cellular and subcellular membranes, where they temporally regulate distinct steps of intracellular transport in coopera tion with specific effector proteins, which facilitate downstream signaling and cell function. Although RAB GTPases are most often defined as regulators of membrane traffic, in recent years they have also been shown to participate in other cellular processes, including cell proliferation, innate immune response, apoptosis, and nuclear signaling [22] [23] [24] [25] .
Specifically, RAB13 has been shown to play a critical role in regulating both the structure and function of tight junctions in polarized epithelial cells [14] [15] [16] 26] . Unlike nonconfluent cells, polarized epithelial cells consist of apical and basolateral domains, which have discrete protein and lipid compositions. To establish and maintain cell polarity, as well as the barrier function of tight junctions, proteins and lipids must be efficiently sorted in the Golgi apparatus and subsequently transported to distinct membrane domains via endosomes, and this process is mediated by RAB GTPases [17, 19, 21] . Interestingly, RAB13 has been recently reported to mediate the continuous endocytic recycling of OCLN under both basal and K þ -free media conditions in BHK and MTD-1A cells [26] , revealing that the tight junction is subjected to dynamic turnover of its structural components.
In this study, we investigate the role of RAB13 in cell junction dynamics in the testis. We decided to pursue this study on RAB13 as a continuation of our previous research, which showed that other RAB proteins, such as RAB4A and RAB8B, can associate with junctional complex constituents in Sertoli cells [27, 28] . During our initial investigation on RAB13, we found that this GTPase concentrates largely to the Sertoli cellelongating/elongated spermatid interface in the rat testis. Here, we expand these findings and demonstrate that RAB13 is a putative component of the Sertoli cell ectoplasmic specialization, a testis-specific type of anchoring junction. These observations have led us to postulate that RAB13 may have a role in protein and/or lipid trafficking that is needed for apical ectoplasmic specialization restructuring.
MATERIALS AND METHODS

Animals
Sprague-Dawley male rats at different ages were purchased (Charles River Laboratories, Kingston, NY) and allowed to acclimatize for 24-48 h before experimental use. During this time, rats had access to water and standard rat chow ad libitum and were exposed to 12L:12D cycles. Rats were killed by CO 2 asphyxiation as directed in the 2000 Report of the American Veterinary Medical Association Panel on Euthanasia [29] . Testes were removed immediately either for the isolation of cells, preparation of lysate, RNA extraction, or immunohistochemistry. For immunohistochemistry, testes were frozen in liquid nitrogen or submerged into Bouin fixative. Other organs were frozen in liquid nitrogen and stored at À808C until used for RNA extraction or lysate preparation. The use of all animals in this study was approved by The Rockefeller University Animal Care and Use Committee (protocol no. 00111), and all experiments were conducted in accordance with ethical guidelines.
Preparation of Testicular Cell Cultures
Sertoli cells. Sertoli cells were isolated from 20-day-old rat testes as described previously [30, 31] and plated on Matrigel (BD Biosciences, San Diego, CA)-coated (diluted 1:7 in serum-free Ham F-12 nutrient mixture and Dulbecco modified Eagle medium [F-12/DMEM], 1:1; Sigma-Aldrich, St. Louis, MO) six-well dishes at a density of approximately 0.75 3 10 6 cells/cm 2 . Sertoli cell yield and plating density were determined as reported previously [28] . To obtain Sertoli cells with a purity greater than 98%, cultures were hypotonically treated 48 h after plating [32] . Media were replaced every 24 h thereafter, and cells were cultured for an additional 3 days. Thereafter, Sertoli cells were terminated with either RNA STAT-60 (Tel-Test ''B'' Inc., Friendswood, TX) or lysis buffer (50 mM Tris, pH 7.4, at 228C containing 0.15 M NaCl, 10% glycerol [v/v], 1% Nonidet P-40 [v/v], 1 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM 4-benzenesulfonyl fluoride, 1 mM EDTA, 150 lM bestatin, 10 lg/ml E-64, 1 lM leupeptin, and 1 lM aprotinin). In another series of experiments, Sertoli cells were plated as described above, but cells were terminated in triplicate wells each day for immunoblotting experiments. The corresponding control experiment consisted of plating Sertoli cells on Matrigel-free 100-mm dishes at a density of 0.025 3 10 6 cells/cm 2 and terminating cells each day with lysis buffer. Germ cells. Isolation of germ cells from adult rat testes (;300 g body weight, ;90 days of age) was performed by a mechanical procedure [33, 34] . The purity of germ cells was assessed by performing RT-PCR and/or immunoblotting as described previously [35, 36] using putative Sertoli (e.g., TESTIN [37] and OCLN [38] ), Leydig (e.g., 3b-hydroxysteroid dehydrogenase [HSD3B] [39] ), and peritubular myoid (e.g., alkaline phosphatase [ALP] [40] and fibronectin [FN1] [41, 42] ) cell products. Germ cells were terminated immediately after isolation with either RNA STAT-60 or lysis buffer.
Cloning of Rat Rab13 cDNA
Complementary DNA cloning of rat Rab13 was performed using the Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA) as instructed by the manufacturer. The sequences of the Rab13 primers (GeneLink, Hawthorne, NY) used for this reaction were as follows: 5 0 -AGAGAA-CGCGTCTGCTGAAGTGGAGCG-3 0 (sense, nucleotides 321-347 for 3 0 RACE PCR) and 5 0 -GAGGGCTTGCTGCTGTTTCCCGATCTC-3 0 (antisense, nucleotides 528-554 for 5 0 RACE PCR); GenBank accession no. M83678. The cycling parameters for the PCR reaction were as follows: 1) 948C for 1 min (one cycle), 2) 948C for 30 sec (five cycles), and 3) 728C for 4 min. This was followed by 1) 948C for 30 sec (five cycles), 2) 708C for 4 min, 3) 948C for 20 sec (25 cycles), and 4) 688C for 4 min. Aliquots of 5 0 -and 3 0 -RACE PCR products were electrophoresed on a 1.5% agarose gel (w/v), and single PCR bands were purified using the Nucleotrap Nucleic Acid Purification Kit (Clontech). Purified PCR products were subcloned into pGEM-T vector (Promega, Madison, WI) for nucleotide sequencing.
In another experiment, we succeeded in isolating another Rab13 cDNA by PCR using rat testis RNA. This ;1-kb clone, which contained the entire open reading frame, was subsequently sequenced using six overlapping fragments when sense and antisense primers were prepared based on the sequence of Elferink (GenBank accession no. M83678), as well as our sequencing results of the 5 0 end of Rab13. 
RNA Extraction and RT-PCR
Total RNA was extracted from cells and tissues using RNA STAT-60 as instructed by the manufacturer, and RT-PCR was performed as described previously [43, 44] . The sequences of the PCR primers are listed in Table 1 . Coamplification with rat ribosomal Rps16 (GenBank accession no. X17665) was included as an internal control. Following PCR, aliquots of PCR products were resolved on 5% T polyacrylamide gels in TBE buffer (45 mM Tris, pH 8.0, at 228C containing 45 mM boric acid and 1 mM EDTA). The PCR products were visualized by ethidium bromide staining. The authenticity of the Rab13 PCR product was verified by direct nucleotide sequencing as described previously [45] . The cycling conditions for the PCR reaction are also listed in Table 1 .
Preparation of Synthetic Peptide, Polyclonal Antibody Production, and Partial Characterization of the RAB13 Antibody A 22-amino acid peptide (NH 2 -SSLARDILLKTGGRRSGNSSKP-COOH, amino acid residues 163-184) was selected from the C-terminal region of the RAB13 protein sequence (GenBank accession no. AF52580) and prepared by Fmoc chemistry [46] . It should be noted that the C-terminus is highly variable among different members of the RAB protein family [47] . This peptide, which shared no significant homologies with any protein except RAB13 when compared to the existing protein database at GenBank, was purified by HPLC, microsequenced, conjugated to keyhole limpet hemocyanin, and used for immunization of two female rabbits (Genemed Synthesis Inc., San Francisco, CA). Thereafter, anti-RAB13 antiserum was partially characterized by two techniques. First, rocket immunoelectrophoresis was performed as described previously [48] . In brief, glass plates were coated with 1% agarose (w/v) containing 3% anti-RAB13 antiserum (v/v) in running buffer (300 mM Tris, pH 8.6, at 228C containing 0.1 M tricine, 1 mM calcium lactate, and 0.02% sodium azide [w/v]). After polymerization of agarose, testis, seminiferous tubule, Sertoli and germ cell lysates (30 lg protein each) were added into the 3-mm diameter wells, and electrophoresis was performed. As a control, preimmune rabbit serum was used instead of anti-RAB13 antiserum for preparation of agarose gels. Second, routine immunoblotting was performed. Sertoli and germ cell lysates were obtained as described above, whereas organ lysates were prepared in lysis buffer using a tissue:buffer ratio of 1:3. In both cases, samples 
Immunoblotting
Approximately 50-150 lg protein from cell and organ lysates was resolved by SDS-PAGE under reducing conditions [49] , and immunoblotting was performed as described previously [35, 50] . Immunoreactive proteins were detected by enhanced chemiluminescence (GE Healthcare/Amersham Biosciences). In some cases, immunoblots were stripped with stripping buffer (62.5 mM Tris-HCl, pH 6.7, at 228C containing 100 mM 2-mercaptoethanol and 2% SDS [w/v]), washed extensively, blocked, and reprobed with an anti-actin (ACT) antibody. A commercially available anti-RAB13 antibody (catalog no. sc-30375, lot no. B1605; Santa Cruz Biotechnology) also was purchased and used for immunoblotting experiments. Details on antibodies used for immunoblotting are listed in Table 2 .
Immunoprecipitation
Equal amounts of testis (;750 lg) and Sertoli cell (;500 lg) lysates (Sertoli cells were seeded at high density and cultures terminated on Day 3 for lysate preparation) were pretreated with rabbit or mouse serum. Thereafter, serum-interacting proteins were precipitated with Protein A/G PLUS-agarose (Santa Cruz Biotechnology), and supernatants were incubated with primary antibody (;2-5 lg). The following day, proteins of interest were precipitated, and agarose beads were washed three to five times with wash buffer (10 mM Tris, pH 7. ) and heating at 1008C. Supernatants were resolved by SDS-PAGE for immunoblotting. All antibodies used for immunoprecipitation and immunoblotting in this study were prescreened in a series of preliminary experiments using testis, seminiferous tubule, and Sertoli cell lysates to ensure that each antibody cross-reacted with its specific antigen of expected molecular weight. Details on antibodies used for immunoprecipitation are listed in Table 2 .
Immunohistochemistry and Immunofluorescence
Immunoreactive RAB13 was localized in the adult rat testis as described previously [28, 35] . In brief, testes were removed, fixed in Bouin fixative, dehydrated in ascending concentrations of ethanol, cleared with xylene, and embedded in Peel-A-Way Micro-Cut paraffin wax (Polysciences Inc., Warrington, PA). Five-micrometer sections were cut and collected on slides. Thereafter, sections were deparaffinized in xylene, rehydrated, and endogenous peroxidase activity blocked. Nonspecific sites were blocked with 10% nonimmune goat serum (v/v), and sections were saturated with anti-RAB13 immunoglobulin G (IgG; 1:500-1:1000). Sections were subsequently incubated with a biotinylated secondary antibody, followed by streptavidin peroxidase. Immunoreactive RAB13 was visualized by 3-amino-9-ethyl carbazole. Sections were counterstained, mounted, and examined with an Olympus BX 40 microscope (Olympus America Inc., Melville, NY). Immunohistochemistry was also repeated using frozen sections obtained from adult rat testes, whereas in yet another series of experiments, immunostaining was performed using paraffin-embedded testes obtained from rats at the following developmental ages: 10 days (blood-testis barrier [BTB] not yet formed), 15 days (BTB beginning to form), and 18 and 25 days of age (BTB already formed) [53] [54] [55] .
For dual immunofluorescence, adult rat testes were removed, frozen immediately in liquid nitrogen, and embedded in Tissue-Tek OCT compound (Sakura Finetek USA Inc., Torrance, CA), and tissue blocks were cut at 6 lm. Sections were fixed in Bouin fixative, washed with PBS (10 mM sodium phosphate, pH 7.4, at 228C containing 0.15 M NaCl), and nonspecific sites blocked. This was followed by sections being incubated with rabbit anti-RAB13 IgG (1:500) and either mouse anti-ESPN IgG (1:100; BD Transduction Laboratories, San Diego, CA) or mouse anti-VCL IgG (1:100; Sigma). After a brief washing step, sections were saturated with goat anti-rabbit IgG conjugated with fluorescein isothiocyanate and goat anti-mouse IgG conjugated with Cy3 (1:50 each containing 2% nonimmune goat serum (v/v); Invitrogen). Thereafter, sections were mounted and examined by microscopy. Controls for both immunohistochemistry and/or immunofluorescence experiments included incubating sections with PBS, rabbit IgG (1:500), or a combination of rabbit (1:500) and mouse (1:100) IgG in place of primary antibodies. Additional controls included preabsorbing the RAB13 antibody (1:500-1:1000) with either blocking peptide (see section regarding preparation of synthetic peptide for antibody production) or human brain recombinant RAB13 protein (catalog no. 552118, lot no. B17066; EMB Biosciences/Calbiochem, San Diego, CA). Details on antibodies used for immunohistochemistry and immunofluorescence are listed in Table 2 .
Treatment of Rats with Adjudin
To induce sloughing of germ cells from the seminiferous epithelium, a single dose of Adjudin (50 mg/kg body weight, suspended in 0.5% methylcellulose [w/v]) was administered to adult rats (;300 g body weight, n ¼ 5 per time point) by gavage with a curved feeding tube (18-gauge; ball diameter, 2.25 mm) [56, 57] . Rats were killed at different time points ranging from a few hours to several weeks after treatment, and testes were removed, weighed, and frozen in liquid nitrogen until used for lysate preparation, RNA extraction, or cryosectioning. Control rats (n ¼ 3) received 0.5% methyl-cellulose [w/v] only. The body weight of each rat was also recorded at time of killing for the calculation of the gonadosomatic index: gonadal weight 4 body weight 3 100.
General Methods
F-actin was visualized by Oregon Green 488 phalloidin (Invitrogen) as instructed by the manufacturer. Protein estimation was performed by Coomassie blue dye binding assay using bovine serum albumin as a standard [58] . RAB13 and rabbit IgG were prepared from crude serum by ammonium sulfate precipitation and DEAE chromatography as described previously [59] [60] [61] . Hematoxylin and eosin staining of paraffin-embedded testes was performed by routine procedures. Autoradiograms were densitometrically scanned using QuantiScan (version 3.0; Biosoft, Ferguson, MO). Statistical analysis was performed by Student t-test or one-way ANOVA followed by Dunnett or Tukey posttests using InStat (version 3.01; GraphPad Software Inc., San Diego, CA). P , 0.05 was taken as statistically significant. All experiments described in this study had triplicate data points, and each experiment was repeated three to seven times.
RESULTS
Distribution of Rab13 in Different Rat Organs and Testicular Cells
To examine the presence of Rab13 in different rat organs and testicular cells, RT-PCR (Table 1) and immunoblotting were performed (Fig. 1, A-C) . A Rab13 mRNA transcript was detected in all organs investigated: brain, heart, kidney, intestine, spleen, prostate, epididymis, testis, uterus, ovary, and fallopian tube (Fig. 1A) . Isolated Sertoli and germ cells also expressed Rab13 (Fig. 1A) . Immunoblotting experiments verified these results when a 22-kDa protein corresponding with RAB13 was detected in the brain, heart, kidney, liver, spleen, and testis (Fig. 1B) , as well as in Sertoli and germ cells (Fig. 1C) . Sertoli cell contamination by germ cells was assessed by immunoblotting using antibodies against TESTIN [51, 52] (Fig. 1C) and OCLN [38] (data not shown). TESTIN was undetectable in germ cells (Fig. 1C) , revealing negligible Sertoli cell contamination. Contamination of germ cells by Leydig and peritubular myoid cells was also assessed by RT-PCR as previously described [36] , and there also was negligible somatic cell contamination (data not shown).
Characterization of Rat Rab13 cDNA
We opted to clone the rat Rab13 cDNA because the fulllength cDNA sequence was unavailable at GenBank during the initial phase of this study. The full-length cDNA of 759 bp contained 84-bp 5 0 -and 66-bp 3 0 -untranslated regions, with an open reading frame of 609 bp coding for a 203-amino acid polypeptide. Comparison of the full-length cDNA and deduced amino acid sequences using GenBank revealed that rat Rab13 was 91.2% and 92.6% homologous with human Rab13 nucleic acid and amino acid sequences, respectively. These interspecies variations in nucleic acid and amino acid sequences were not restricted to a specific region of the Rab13 cDNA. The rat Rab13 full-length cDNA sequence has been submitted to GenBank with accession no. AF525280.
Characterization of RAB13 Antibody
Before proceeding with the experiments described in this study, the anti-RAB13 antibody was partially characterized by two methods. First, rocket immunoelectrophoresis was performed using testis, seminiferous tubule, Sertoli, and germ cell lysates. The anti-RAB13 antibody yielded a symmetrical rocket, and the height of the rocket was proportional to the percentage of antibody in the agarose gel (data not shown), revealing its titer and specificity. Second, a series of preliminary experiments was performed by immunoblotting using testis and Sertoli cell lysates and either the anti-RAB13 antibody prepared in house or the commercially available antibody (Santa Cruz Biotechnology; Table 2 ). The antibody prepared by us cross-reacted strongly with RAB13 but minimally with other nonspecific proteins. Thus, IgG was isolated from crude RAB13 antiserum, and this IgG was used for all immunoblotting, immunoprecipitation, and immunohistochemistry experiments described in this study. Because the commercially available antibody was not suitable for any experiments, its use was not pursued further. It should also be noted that in some cases, RAB13 was observed as a diffuse band that actually consisted of two distinct bands by immunoblotting (data not shown). This extra band may represent a phosphorylated form of RAB13, because this GTPase has been shown to bind directly to the a catalytic subunit of PKA in MDCK cells [62] .
Immunodetection of RAB13 in the Rat Testis
The localization of RAB13 was investigated in the adult rat testis by routine immunohistochemistry, and RAB13 was found to be present in all stages of the seminiferous epithelial cycle (Fig. 2, A-O) . The most obvious immunoreactive signal surrounded the heads of elongating/elongated spermatids in all stages of the epithelial cycle (Fig. 2, A-H and J-O), except in early stage VIII (Fig. 2, F and G) . Round spermatids also were immunoreactive for RAB13, but the signal was restricted to step 6-7 spermatids only (Fig. 2E) . Pachytene spermatocytes and spermatogonia were not immunoreactive for RAB13. Additionally, a highly magnified view of a seminiferous tubule at stage V of the epithelial cycle revealed discrete immunoreactive RAB13 precipitates localizing to the Sertoli cell stalk and surrounding elongated spermatids embedded within Sertoli cell crypts (Fig. 2D) . It should be noted that a ringlike pattern of RAB13 immunostaining at the BTB, such as that previously reported for OCLN and TJP1 [63] [64] [65] , was not detected. Instead, the presence of RAB13 at the BTB was discrete and appeared to be specific to stage V of the seminiferous epithelial cycle, when elongated spermatids were embedded within Sertoli cell crypts and closest to the basal lamina. Leydig cells also stained positively for RAB13 (Fig. 2I) . Immunoreactive precipitates were not detected when sections were incubated with PBS (data not shown), a preabsorbed RAB13 antibody (data not shown), or nonimmune rabbit IgG (Fig. 2P) in place of the primary antibody. The immunoblot shown in Figure 2Q demonstrates that the anti-RAB13 antibody used for immunohistochemistry cross-reacted specifically with RAB13.
Because we could not noticeably detect RAB13 immunoreactivity at the site of the BTB in the adult rat testis (except for a discrete immunoreactive signal at stage V of the seminiferous epithelial cycle), we elected to reexamine RAB13 localization RAB13 IN THE TESTIS 593 using paraffin-embedded testes obtained from rats at 10, 15, 18, and 25 days of age. Rats at these developmental ages were chosen because they spanned different stages of the formation of the BTB [53] [54] [55] . However, we could not successfully detect an immunoreactive signal corresponding to RAB13 in the basal compartment of the seminiferous epithelium in 10-, 15-, 18-, and 25-day-old testes (data not shown). As a final recourse, we had used different fixatives for the morphological preservation of adult and immature testes as follows: 1) 3.7% paraformaldehyde (w/v) in PBS for paraffin-embedded testes and 2) methanol or acetone for cryosectioned testes. Still, we could not detect RAB13 immunoreactivity at the BTB.
Changes in the Level of RAB13 During the Assembly of Sertoli Cell Junctions In Vitro
In this experiment, we investigated whether RAB13 participates in the assembly of cell junctions, because previous studies have shown that culturing Sertoli cells at high density (;0.75 3 10 6 cells/cm 2 ) initiates the assembly of stable tight, anchoring, and gap junctions in vitro [66] [67] [68] [69] . A significant increase in RAB13 was noted 3 h after Sertoli cells were plated on Matrigel-coated dishes (Fig. 3) . This increase in RAB13 persisted until Day 3 but decreased steadily thereafter (Fig. 3 ). Similar changes in the level of RAB13 were not detected when Sertoli cells were cultured at a much lower density (0.025 3 10 6 cells/cm 2 ), in which the assembly of cell junctions was not extensive except for the presence of cell-substratum adhesive contacts (data not shown).
RAB13-Interacting Proteins
To determine whether RAB13 associates with cell junctionassociated proteins, a series of immunoprecipitation experiments was performed using Sertoli cell lysates and different antibodies for immunoblotting. RAB13 was found to associate strongly with ACT, VCL, and ESPN, and weakly with vimentin (VIM) and c-catenin (JUP; Fig. 4 ). RAB13 failed to interact with a-tubulin (TUBA), N-cadherin (CDH2), acatenin (CTNNA1), and b1-integrin (ITGB1). To assess the suitability of the RAB13 antibody for use in immunoprecipitation experiments, this antibody also was used for immunoprecipitation, followed by immunoblotting with the same antibody (data not shown). Each immunoblot also contained an additional internal control, that is, Sertoli cell lysate (50-100 lg protein, without immunoprecipitation) electrophoresed under reducing conditions and probed with the corresponding antibody as listed to the right of each immunoblot. This ensured that each antibody recognized its specific antigen of expected molecular weight.
Colocalization of RAB13 with VCL and ESPN
To confirm in part the immunoprecipitation results shown in Figure 4 , a series of immunofluorescence experiments were performed using the anti-RAB13 antibody and either an anti-VCL or anti-ESPN antibody (Fig. 5) . VCL (Fig. 5B) and ESPN  (Fig. 5E ) putative Sertoli cell ectoplasmic specialization proteins [70] [71] [72] , were both found to colocalize with RAB13 in the seminiferous epithelium of the adult testis (Fig. 5) . However, colocalization of RAB13 with VCL was more noticeable than that with ESPN, as noted by orange-yellow fluorescence ( Figure 5 , C vs. F), the color resulting from the merging of corresponding micrographs.
Changes in RAB13 During Adjudin-Mediated Cell Junction Restructuring in the Testis
The level of RAB13 in the testis was investigated following administration of Adjudin (Fig. 6) . In this experiment, a statistically significant increase was noted in RAB13 at 4 days after treatment during the loss of round spermatids and secondary spermatocytes from the seminiferous epithelium (Fig. 6) [73] . By 40 days after treatment, the level of RAB13 remained elevated, but its subsequent trend was one of steady decrease. By 90 days after treatment, the level of RAB13 was comparable to that of the control (Fig. 6) . These results were corroborated by RT-PCR experiments, which showed a similar pattern of changes (data not shown). However, when the decrease in testicular weight resulting from Adjudin-mediated germ cell loss was taken into account and data corrected against/expressed as gonadosomatic index, the level of RAB13 decreased steadily (Fig. 6B) . Equally important, results obtained from immunohistochemistry experiments using cross-sections from Adjudin-treated rat testes supported a decrease in RAB13 (data not shown). ACT served as an indicator of equal protein loading onto SDS-polyacrylamide gels (Fig. 6A, bottom) . 
RAB13 IN THE TESTIS
Disruption of the Sertoli Cell ACT Cytoskeleton During Adjudin-Mediated Junction Restructuring in the Seminiferous Epithelium
ACT microfilaments are critical to cell junction dynamics in the testis. This is best exemplified by studies that used different chemical agents to perturb the ACT cytoskeleton, resulting in a compromise of junction function and the sloughing of germ cells from the seminiferous epithelium [74] [75] [76] [77] . Because 1) ACT microfilaments are a critical constituent of the ectoplasmic specialization, and 2) RAB13 coimmunoprecipitated with ACT, as well as with VCL and ESPN (two ACT-binding ectoplasmic specialization proteins [72, 78, 79] ), we felt it was important to examine more closely the restructuring of the ectoplasmic specialization following Adjudin administration by staining F-actin with phalloidin. In the control testis, F-actin concentrated at the apical ectoplasmic specialization, as well as at the BTB (Fig. 7A) . Although obvious changes in the orderly arrangement of F-actin at the apical ectoplasmic specialization and BTB were not detected ;12 h after administration of this drug (Fig. 7B , white and black arrowheads, respectively), Factin became randomly dispersed throughout Sertoli cells by 2-3 days after treatment (Fig. 7, C and D) . It should be noted that by this time, elongating/elongated spermatids had already depleted the seminiferous epithelium, as shown in Figure 7E (see asterisks for damaged tubules). Likewise, F-actin restructuring was also noted at 15 days after Adjudin treatment (Fig.  7, F and H, see arrows in H), when all seminiferous tubules were ;50% devoid of germ cells (Fig. 7G) . The localization of F-actin in the seminiferous epithelium beyond 15 days of Adjudin treatment was not examined.
Changes in Association Between RAB13 and Its Interacting Partners During Adjudin-Mediated Junction Restructuring in the Seminiferous Epithelium
In this experiment, we assessed changes in protein-protein interactions following administration of Adjudin to adult rats. When anti-RAB13 IgG was used for immunoprecipitation, followed by immunoblotting with the same antibody, the level of RAB13 increased following administration of this drug (Fig.  7I) . This is consistent with the immunoblotting results shown in Figure 6 . However, when testis lysates obtained from these animals were used for coimmunoprecipitation experiments, no change in RAB13-ACT association was detected when the increase in the RAB13 level following drug treatment was taken into consideration (Fig. 7, I and J; also see Fig. 6 ). On the other hand, RAB13 was found to associate significantly less with VCL by coimmunoprecipitation within 1 day of Adjudin administration when apical ectoplasmic specialization function was being compromised (Fig. 7, I and J). This decrease in protein-protein interactions persisted until Day 7 and spanned the entire phase of Sertoli-germ cell junction disassembly.
DISCUSSION
Here, we report an additional role for RAB13 that is outside that described previously for this GTPase in tight junction dynamics in other epithelia [14] [15] [16] 26] . When the expression of RAB13 was surveyed by RT-PCR and immunoblotting, we found this GTPase to be present in all organs and cell types examined, regardless of the presence of tight junctions. For instance, tight junctions have not been reported to exist between adjacent germ cells; yet, the level of RAB13 in this Adjudin-mediated germ cell loss from the seminiferous epithelium. B) A graph representing densitometric scanning of different immunoblots, such as the one shown in A. Each RAB13 data point was normalized against its corresponding ACT data point, followed by a second round of normalizations against the control (0 h). Each bar represents the mean 6 SD of data obtained from seven different testis lysate samples per time point. The control was arbitrarily set at 1. ns, not significantly different from control by ANOVA; a.u., arbitrary unit. *Significantly different from control by ANOVA (P , 0.05). **Significantly different from control by ANOVA (P , 0.01).
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cell type was comparable to that detected in Sertoli cells, which establish and maintain functional tight junctions in vivo and in vitro [67, 68, 80, 81] . The expression of RAB13 by germ cells was not due to the presence of contaminating somatic cells, because germ cell purity was determined to be 95%-98% when cell type-specific markers were used for RT-PCR and immunoblotting experiments. Taken collectively, these results suggest that RAB13 functions in other cellular events that may not be directly related to tight junction dynamics.
To expand these initial RT-PCR and immunoblotting results, we performed a series of immunohistochemistry experiments to examine the localization of RAB13 in the adult rat testis. Surprisingly, RAB13 was found to surround the heads of elongating/elongated spermatids in all stages of the FIG. 7 . A study to investigate the effects of Adjudin on the integrity of the F-actin cytoskeleton and protein-protein interactions in the testis. A-H) Crosssections of seminiferous tubules from adult rat testes following Adjudin administration. A-D, F, H) The presence of F-actin at the basal (B, black arrowheads) and apical (B, white arrowheads) ectoplasmic specialization was visualized by Oregon Green 488 phalloidin, as described in Materials and Methods. Adjudin was found to affect the orderly arrangement of F-actin in Sertoli cells by 2 days (C), and a similar pattern of changes was detected until 15 days after treatment (D, F, H, arrows) . E, G) Adjudin-mediated germ cell loss from the seminiferous epithelium (E, asterisks) was visualized in paraffinembedded testes by hematoxylin and eosin staining. Ctrl, control testis. Bars ¼ 125 lm (A); 70 lm (B and C); 40 lm (D); 80 lm (E); 30 lm (F); 60 lm (G); and 20 lm (H). I, J) Coimmunoprecipitation experiments to assess changes in association between RAB13 and putative ectoplasmic specialization ACTbinding proteins. Coimmunoprecipitation was performed using testis lysates obtained from Adjudin-treated rats and anti-RAB13 IgG. I) When anti-RAB13 IgG was used for immunoprecipitation, followed by immunoblotting with the same antibody, the level of RAB13 increased following administration of this drug, consistent with results shown in Figure 6 . Although the orderly arrangement of F-actin was affected after administration of Adjudin, the association of RAB13 with ACT did not change as determined by coimmunoprecipitation. On the other hand, a decrease in RAB13-VCL interaction was noted within 1 day of Adjudin administration, coinciding with apical ectoplasmic specialization restructuring. This decrease in coimmunoprecipitation persisted until day 7. Immunoglobulin G served as a crude indicator of equal protein processing and loading onto gels. Ctrl, Sertoli cell lysate (50-100 lg protein, without immunoprecipitation) electrophoresed under reducing conditions and probed with the corresponding antibody as listed to the right of each immunoblot. J) A graph representing densitometric scanning of different immunoblots, such as the ones shown in I. Each ACT and VCL data point was normalized against its corresponding RAB13 data point as shown in I, followed by a second round of normalizations against 0 day. Each bar represents the mean 6SD of data obtained from coimmunoprecipitation experiments using three different testis lysate samples per time point. The control was arbitrarily set at 1. ns, not significantly different from 0 day by ANOVA; IP, immunoprecipitation; IB, immunoblotting; a.u., arbitrary unit. *Significantly different from 0 day by ANOVA (P , 0.05).
RAB13 IN THE TESTIS
seminiferous epithelial cycle except early stage VIII, which precedes spermiation.
Step 6-7 round spermatids also were clearly immunoreactive for RAB13, but germ cells at other developmental stages, such as spermatogonia and pachytene spermatocytes, were not. The localization of RAB13 to the site immediately adjacent to elongating/elongated spermatids in the seminiferous epithelium is where the ectoplasmic specialization is found [82, 83] . The ectoplasmic specialization is a testisspecific anchoring junction having unique, hybridlike qualities [84, 85] and, as mentioned above, it is present between Sertoli cells and elongating/elongated spermatids (defined as the apical ectoplasmic specialization), as well as between Sertoli cells at the BTB (defined as the basal ectoplasmic specialization). Moreover, RAB13 was found to colocalize with VCL and ESPN, putative ectoplasmic specialization and ACT-binding proteins [70] [71] [72] , in the seminiferous epithelium by immunofluorescence microscopy, suggestive of RAB13 0 s role in some yet-to-be defined aspect of ectoplasmic specialization function.
It is also interesting to note that RAB13 immunoreactivity, which surrounded the heads of elongated spermatids, disappeared completely at early stage VIII of the epithelial cycle. This coincides with the disappearance of the apical ectoplasmic specialization and the appearance of the tubulobulbar complex [83, 86, 87] , a testis-specific tubular structure whose reported function is to internalize intact intercellular junctions during junction restructuring [86, 88] . Although the lack of RAB13 immunoreactivity at this stage may simply be related to spermiation, it is also possible that RAB13-mediated protein and/or lipid trafficking events are not critical for dissolution of the apical ectoplasmic specialization. Instead, a more efficient and timely mechanism is likely to exist for the internalization of apical ectoplasmic specialization components in preparation for sperm release in late stage VIII, and tubulobulbar complexes are likely to play a key role. This may explain the lack of RAB13 immunostaining at this stage of the seminiferous epithelial cycle. Additionally, the localization of RAB13 to a similar region in step 6-7 round spermatids tends to suggest that this GTPase may be involved in other cellular events in the seminiferous epithelium, not only in the dynamics of the ectoplasmic specialization. This is because apical ectoplasmic specializations cannot be found adjacent to step 6-7 round spermatids; they first appear within Sertoli cells when spermatids begin to elongate at step 8 in the rat [89] . In this context, it is interesting to note that there is increasing evidence that links other RAB GTPases, such as RAB2A and RAB3, to the biology of the acrosome (e.g., events of exocytosis that occur during the acrosome reaction [90] [91] [92] [93] ), suggesting that additional RAB members may also function in the biology of the acrosome. It remains to be determined, however, whether RAB13 has a similar role in the testis.
Because RAB13 has been reported previously to function in tight junction dynamics in other epithelia, we anticipated detecting a ringlike pattern of RAB13 immunoreactivity at the BTB. However, we failed to do so after numerous immunohistological attempts. Only at stage V of the seminiferous epithelial cycle, when elongated spermatids were embedded within Sertoli cell crypts, did we visualize discrete immunoreactive RAB13 precipitates localizing to what appeared to be the site of the BTB by routine immunohistochemistry. During this stage, type B spermatogonia undergo differentiation into preleptotene spermatocytes, which are the germ cells that will subsequently differentiate into leptotene spermatocytes and traverse the BTB starting at late stage VIII [94] . Moreover, as elongated spermatids briefly move downward at stage V of the epithelial cycle, the apical ectoplasmic specialization comes into proximity of the basal ectoplasmic specialization, as well as the tight junction. For this reason, it is difficult to conclude whether RAB13 localized to the BTB or to elongated spermatids. Although the extent of cross-talk between the apical-basal ectoplasmic specialization and tight junction in vivo has yet to be addressed, these observations essentially reveal that the passage of leptotene spermatocytes across the BTB requires the participation of diverse structural, signaling, and adaptor proteins, as well as the coordination of numerous cellular events that culminate in the transient opening of the BTB. RAB13 may play a role in these events, but additional functional studies are needed to test this hypothesis. Certainly, specific knockdown of RAB13 in Sertoli cells by RNAi may provide some of the needed answers.
Numerous studies have reported Sertoli cells seeded at high density on Matrigel-coated dishes or bicameral units to be a useful system in the study of cell junctions [95] [96] [97] . In this study, we used this in vitro model to investigate whether the level of RAB13 changed during the assembly and maintenance of cell junctions. A statistically significant increase was detected by 3 h of plating Sertoli cells, coinciding with the assembly of functional anchoring (e.g., ectoplasmic specializations and desmosomelike junctions) and tight junctions as previously reported [67, 98] . The participation of RAB13 in cell junction dynamics was strengthened when lysates from high-density Sertoli cell cultures were used for coimmunoprecipitation experiments. RAB13 was shown to coimmunoprecipitate with ectoplasmic specialization proteins VCL and ESPN, as well as with ACT. RAB13 was also shown to coimmunoprecipitate with VIM and JUP, components of the desmosomelike junction. It is possible that RAB13 is involved in the trafficking of proteins to distinct cellular localizations, such as the ectoplasmic specialization or desmosomelike junction in Sertoli cells, thereby contributing to junction assembly.
To continue addressing the role of RAB13 in the testis, we used an in vivo model of cell junction restructuring in which most but not all germ cells were depleted from the seminiferous epithelium following administration of Adjudin (1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, a derivative of lonidamine) [56, 57] . Adjudin is a chemical entity that causes virtually all germ cell types (except spermatogonia and a few primary spermatocytes residing in the basal compartment outside of the BTB) to deplete from the seminiferous epithelium by compromising Sertoli-germ cell adhesion [56, 57, 99] . It does not affect adhesion in other organs, including the liver, kidney, and small intestine [56, 57, 99] , and we understand the apical ectoplasmic specialization to be the primary target of Adjudin [84, 100] . A definitive explanation as to why cell adhesion in the testis is affected by Adjudin but not in other organs is not immediately known (note: many of the cell adhesion proteins found in the testis are also found elsewhere in the mammalian body [63, 101] ), but we speculate that a testis-unique protein or multiprotein complex at the apical ectoplasmic specialization is induced within hours of oral administration, thereby activating a signaling cascade that results in Sertoli-germ cell junction disassembly. The identity of this testis-unique protein or multiprotein complex is not yet known. Finally, the adverse effects of Adjudin on spermatogenesis and fertility are completely reversible [54, 55] . When this in vivo model was used, a statistically significant increase in RAB13 was noted on Day 4, when round spermatids and secondary spermatocytes were being depleted from the seminiferous epithelium. This increase persisted until Day 60. However, if germ cells contribute approximately half to the total RAB13 level in the testis, then it is reasonable to assume that the RAB13 level should decrease following Adjudin 598 treatment. A decrease in RAB13 was only observed when the loss in testicular weight was taken into account and data corrected against/expressed as gonadosomatic index. It is also interesting to note that the level of RAB13 remained elevated even after most germ cells depleted the testis, revealing that Sertoli cell-derived RAB13 continues to maintain an important role in the testis.
During Adjudin-mediated restructuring of the F-actin cytoskeleton, RAB13 continued to interact with ACT, but its interaction with VCL was significantly decreased. The decrease in RAB13-VCL association reported in this study was not the result of an inherent downregulation of VCL, because the steady-state level of VCL was upregulated after Adjudin administration [102] . In other words, the levels of both RAB13 and VCL increased following Adjudin treatment in vivo, but their interaction with each other diminished significantly. These results may suggest that during Adjudinmediated disruption of spermatogenesis, RAB13 either is involved in the restructuring of the F-actin cytoskeleton or is using the F-actin network for protein and/or lipid trafficking. However, additional studies are needed in the testis to support the role of RAB13 in ectoplasmic specialization dynamics. Although the importance of Rab GTPases in this organ has recently begun to unfold, it will be interesting to learn from future studies how they contribute to the dynamic nature of cell junctions in this organ.
